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Abstract 
The operations and support (O&S) activities of aerospace vehicles involve the maintenance process to repair and replace broken 
parts and the logistics system which replenishes spares in the inventory. O&S cost represents the majority of the vehicle life cycle 
cost, and there are various research efforts focused on reducing it. Improvements to maintenance and logistics systems are 
expensive to perform in real life, so creating a modeling and simulation (M&S) environment capable of analyzing these systems 
allows for the testing of efficient changes. These systems operate on well-defined procedures and rules, and they can be modeled 
using discrete event simulation (DES). 
A DES environment, Virtual Environment for Operations and support Process Simulation (VE-OPS), is being developed for 
maintenance and logistics analysis using an object-oriented programming language. Generic class variables are defined for 
simulation objects such as vehicles and for maintenance and logistics process steps such as vehicle assessment and repairs. In the 
simulation, the vehicle and part objects are passed from one process to the next. This environment structure provides flexibility to 
tailor the model to specific applications while reducing the burden of recreating it for different projects, and by using an open 
source language such as Python, it can be shared with other researchers and freely deployed on multiple machines. 
© 2013 The Authors. Published by Elsevier B.V. 
Selection and/or peer-review under responsibility of Georgia Institute of Technology. 
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1. Introduction 
The operations and support (O&S) cost represents a majority of the total ownership cost of a vehicle system. For 
military systems, the O&S cost is responsible for over 60% [1], as shown in Fig. 1. In 2011, the US Air Force 
(USAF) spent fifty billion dollars on operations and maintenance programs [2], which includes facility upkeep and 
upgrades as well as training and administrative costs. Looking at the direct operational and maintenance costs of its 
primary combat forces, the USAF spent over six billion dollars on its operations and another two billion on its depot 
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maintenance [2]. This represents about . Effort is needed to 
help reduce this operational cost and to ensure that the resources are spent effectively. 
 
Fig. 1. Operations and Sustainment Cost as Percent of Total Ownership Cost [1] 
The availability of a vehicle strongly depends on its maintenance and on the logistics that support it. Maintenance 
includes both preventive maintenance, such as inspection and scheduled servicing, as well as corrective or 
unscheduled maintenance to replace the broken parts. The logistics encompasses the management and transportation 
of spare parts and equipment that is needed for the maintenance of the vehicles. 
The maintenance and logistics system to support vehicle operations is complex, and tools such as modeling and 
simulation (M&S) are helpful to understand the interactions within it. The steps of the overall process are simple: 
inspect and identify broken parts, replace aging and broken parts, perform turnaround tasks, send out broken parts, 
and stock new spare parts. The difficulty arises when considering the details. Vehicles require many unique parts to 
function, and these parts are delivered through various supply chain networks. There are different management 
strategies to govern the system. Furthermore, these activities face human and geographical constraints. For a vehicle 
with many critical and highly technical parts such as an aircraft, the maintenance and logistics system is vast, and 
making the right decisions 
[3]. In these situations, M&S offers a cost effective method to understand the 
consequences of proposed changes, which will be further explored in Section 2. 
The goal of creating the Virtual Environment for Operations and support Process Simulation (VE-OPS) is to 
incorporate maintenance and logistics design and analysis into the overall design process of a vehicle system, and 
this paper is the initial effort to establish the environment. VE-OPS enables concept exploration and sensitivity 
studies for the sustainment of a vehicle. Part of the design process also seeks to quantify the uncertainty in the 
problem, and Monte Carlo analysis is useful for this. For this, many runs are necessary, and the execution time of 
the model should be fast. The model is built on an open source platform to avoid potential licensing problems that 
arise from sharing the code or deploying it on multiple machines. There are many research areas within maintenance 
and logistics such as inventory management strategies and repair policies, and to cover these areas, the environment 
needs the flexibility and modularity so that specific segments of the model can be customized to the necessary 
fidelity. The model should be able to output top level requirements such as mission effectiveness, operational 
availability, inventory levels and size of the backorder. The description of the VE-OPS components are covered in 
Section 3, and a simple case study using some of the components is presented in Section 4. 
2. Maintenance and Logistics Simulation 
Over the course of the past five decades, different aspects of the maintenance and logistics process have been 
studied. Simulation models are being used to study requirements for inventory levels, logistics, workforce size, and 
workforce skill sets. With the development of the Joint Strike Fighter (JSF), numerous studies and theses have been 
produced to understand the impact of autonomic logistics systems (ALS) and prognostic and health management 
(PHM) systems on the maintenance and logistics process. There are also studies that provide insight into better 
planning and scheduling strategies. 
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One of the main applications for simulation modeling is to determine the inventory and logistics requirements, 
and there are many tools to support this activity. The Logistics Composite Model (LCOM) is a Monte Carlo 
simulation model that was originally developed in the 1960s by the RAND Corporation and the Air Force Logistics 
Command to advise base-level logistics requirements [4]. The Multi-Echelon Technique for Recoverable Item 
Control (METRIC) and its variants, MOD-METRIC and VARI-METRIC, are analytical models first developed in 
the late 1960s to evaluate the operational availability of an aircraft based on the multilevel supply stock levels [5] 
[6] [7] [8]. The military uses a variety of tools for their logistics and supply chain analysis and requirements building 
including Logistics Simulation and Analysis Model (LogSAM), Supply Chain Operational Performance Evaluator 
(SCOPE), Scalable Integration Model for Objective Resource Capability Evaluations (SIM-FORCE), and SIMLOX 
[9] [10]. 
Another important use of maintenance and logistics modeling is to analyze the size and composition of the 
workforce. LCOM has been continually improved over the years [11], and one of its main applications is to 
determine the manpower requirements for maintenance [4]. Gallasch et al. study personnel requirements using a 
Colored Petri Net model and explore different ways of representing personnel within the simulation [12]. Bazargan 
and Jiang develop a detailed Arena model of manpower 
planning capability [13]. MacKenzie uses an agent-based model to study the impact of different skill levels of the 
maintenance workers on the sortie generation rate of a single fighter aircraft unit [14] [15]. 
Some of the recent research efforts by the military focus on the ALS and PHM system that are being 
implemented on the Joint Strike Fighter (JSF) program. One of the early simulation projects is documented in 
Rebulanan in 2000 where he creates a simulation model called ALSim [16] in JAVA using the Silk 
simulation package [17]. This initial model is extended to study the benefits of PHM system for the JSF [18] [19]. 
Around the same time, Schaefer and Haas investigate the impact of health and usage monitoring system (HUMS) on 
helicopter operations and maintenance [20]. Yager models the ALS using a queuing network model to study its 
impact on sortie generation rates [21]. Tsoutis studies the impact of ALS to failures per mission (FPM) and 
maintenance man hours -18E/F jet 
engines using a DES package Simkit [22]. One of the major concerns for a PHM system is the impact of false 
alarms to its performance, and several studies have highlighted the importance of the detection accuracy of PHM 
systems [20] [23] [24]. 
There have been other research efforts to investigate the development, deployment and execution strategies of 
maintenance and logistics systems. Cannibalization and different cannibalization policies for aircraft fleets have 
been studied using analytical models, inventory models and simulation models [25] [26] [27]. Rodrigues et al. 
explore inventory consolidation and part transfer time of critical components with long repair cycle times as a way 
-4 fleets [28]. Sarma and Ramchand study the 
interaction between air fleet and maintenance system from a control theory perspective to provide options for fleet 
performance improvement [29] [30]. Hill et al. examine different deployment strategies of equipment needed for 
specific repairs on vehicles [18]. Iakovidis evaluates the impact of different maintenance scheduling philosophies on 
the operational performance of an F-16 fighter fleet in the Arena DES package [31]. Pendley et al. demonstrate 
through a simulation that different maintenance priorities, such as first in first out (FIFO), can impact the metrics 
measured at higher levels of an organization and conclude that lower level metrics need to align with the top level 
goals [32]. 
The literature on maintenance and logistics simulation modeling shows there is some overlap of effort in creating 
simulation models. Maintenance processes share the same core steps, and when modeled using discrete event 
simulation (DES), the models have the flexibility to be tailored to different application areas. The line of research 
using ALSim was instrumental in reusing and modifying Rebulanan
Others have recreated similar models on different simulation platforms such as Arena and Simkit to study their 
problems. 
2.1. Maintenance and Logistics Process 
The maintenance process begins after the vehicle returns from its mission. It first goes through routine 
inspections and post-mission activities. Then, it performs any corrective or unscheduled maintenance to fix parts 
that have broken during the mission, any predictive maintenance for vehicles with prognostic capabilities like PHM, 
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and any scheduled maintenance that is due. The scheduled maintenance is typically based on a measurable metric 
such as flight time, distance traveled or number of operational cycles. Once all the maintenance tasks are complete, 
the vehicle performs turnaround activities, such as refueling, before it is ready for more missions. 
Alongside the maintenance process is the logistics to transport, repair and restock broken and spare parts. When a 
vehicle returns with a broken part, the part is removed and replaced with a new one from inventory. Depending on 
the part, it can be fixed locally or sent to a repair depot. After it is repaired, it is shipped back to the warehouse. 
Depending on the size and complexity of the distribution network, there can be a larger centralized warehouse that 
receives the fixed parts and replenishes the smaller local inventory. 
2.2. Simulation and Discrete Event Simulation 
Modeling and simulation (M&S) is useful for problems with many components and complex interactions. M&S 
is an effective alternative to physical experimentation because it is often difficult or impractical to test different 
strategies on large complex systems such as those for maintenance and logistics [33]. Other benefits include cost and 
time savings, ability to run replications, and safety from loss of profit and resources [34]. M&S enables the efficient 
exploration of different alternatives in a controlled environment. 
There are different M&S tools available to analyze process-based problems [33]. Spreadsheet models are fast to 
run and simple to use, and they are suited for evaluating many scenarios. However, they are usually deterministic. 
There are analytical models that are fast to execute, and they are suited for scenario comparison and analysis of 
long-term behavior. Finally, simulation models offer the most flexibility and capability because they can model a 
problem to a high degree of fidelity and can avoid making restrictive assumptions that analytical models sometimes 
have to make. However, they usually take longer to run, and the results may be difficult to interpret and require 
statistical analysis. 
According to Sadoun, there are three main types of simulations [35]. The Monte Carlo simulation uses random 
numbers for probabilistic problems that do not vary with time. The trace-driven simulation uses time-dependent data 
for input, such as weather prediction models. In a discrete event simulation (DES) model, a system is modeled as a 
series of events. The system state changes at a discrete time within the simulation as opposed to continuous systems 
where the states change continuously. 
Maintenance and logistics systems have a well-defined process, and this can be captured using a discrete event 
simulation (DES) model. The vehicles and parts are modeled as simulation objects which have characteristics such 
as a descriptive name, the time in operation, and a flag indicating whether a part is broken or not. The steps of the 
maintenance process, such as assessing for broken parts and replacing them, are modeled as functions that change 
the characteristics of the simulation objects. The amount of detail included in the simulation can vary, such as 
modeling the time it takes for each airplane to land and taxi or in finer detail by accounting for individual passengers 
and cargo inside the aircraft. This fidelity depends on the problem and on the amount of resources available. 
The current generation of DES software targets a wide customer base and offers a generalized set of components 
from which the users can construct a custom simulation model. This has been aided by a wider acceptance of 
simulation as an analysis tool. These software packages have a graphical interface and data visualization capabilities 
that improve the ease of use and the overall user experience [36] [37]. This also helps with debugging the 
simulation. Furthermore, the visualization is helpful for presenting and explaining the simulation results to those 
who are not familiar with the problem. 
3. Simulation Model 
3.1. Software Platform Selection 
There are many DES software packages that are commercially available, and some of the more popular ones 
include Arena, Extend, Flexsim, Process Simulator, SimEvents, and Simio. While most of these are standalone 
Simulink environment. The Simio model is visualized in a three-dimensional virtual environment, and this is useful 
when studying problems with spatial components. There are also open-source projects such as OMNeT++, 
PowerDEVS, Simkit, SimPy, and SystemC. 
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The primary use for this environment is to generate data, and the results are displayed on a separately created
interactive, data-exploration interface. Visualizing the simulation flow, although useful, was not a necessary feature.
The main criteria for selecting the software platform include the following: fast execution time for Monte Carlo
analysis, ease of sharing and executing the model on different machines, ease of modifying the behavior and model
structure, ability to handle large numbers of simulation objects, and ability to create a server version of the model
which would execute simulations on-demand when given the appropriate inputs. These criteria resulted in the
selection of the Simulation in Python (SimPy) package [38] in the Python programming language. Python is an open
source, object-oriented programming language that is platform independent [38]. SimPy is a process-based DES
package for Python, and it is an open source project as well [39]. SimPy has been used for various applications
including teaching, disease epidemics, air space surveillance and logistics [39] [40] [41]. Although this platform is 
not as user-friendly as the commercial software, it is light-weight and flexible, and it avoids the licensing challenges,
making it a useful platform for research
3.2. Maintenance and Logistics Simulation Model
The simulation environment has two major types of class variables. The first is the set of classes for simulation 
objects which represent physical or countable objects, and these are the Vehicle class, Part class, Mission class, 
Worker class and Workstation class. They contain characteristics that describe each individual object and functions 
to modify its values. The objects flow and circulate through the simulation so that their interactions with the
maintenance system can be studied. Each of the object classes are explained in further detail in Section 3.3.
The other type of class variables is the process class which emulates the activities for sortie generation, aircraft
maintenance, and parts logistics. The processes are responsible for modifying the characteristics of the objects, such
as adding flight time to the parts when the vehicle executes a mission. Each of the process classes are explained in
further detail in Section 3.4.
The objects are passed between processes by sharing common queues or bins where objects are stored.
Depending on the process and simulation parameters, an object can be routed to different queues, and it can be
delayed before it arrives at the queue. For example, the goal of the Mission Manager process is to assign vehicles to 
missions, and it accomplishes this by pulling a mission from the mission queue and matching a vehicle from the
vehicle queue that can perform the mission. This mission-vehicle set is placed in the pre-mission queue. The next
process, the Mission Executor process, pulls the mission-vehicle sets from the pre-mission queue, executes the
mission which is simulated by a time delay, modifies the characteristics of the objects, and places these in their 
respective post-mission queues. The block flow diagram of a typical fighter aircraft sortie generation simulation 
model with a maintenance process and a closed repair loop for spare parts is shown in Fig. 2.
Fig. 2. Simulation Model Block Flow Diagram for Fighter Aircraft Sortie Generation, Maintenance Process and Logistics
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3.3. Object Class 
The Vehicle class tracks the amount of hours it has flown and serves as the container for the parts that are 
installed into it and the mission that is assigned to it. It also holds information on what types of missions it can fly 
and what repairs need to be performed. 
The Part class tracks the amount of hours it has flown so that it can be compared with its pre-assigned lifetime. 
After the part fails due to use and is repaired, a new value for its useful life is generated, and the flight hours it has 
accumulated is reset. 
The Mission class holds the information for mission type and mission length. Once the mission is executed, it 
also records whether it was a failure or not. 
The Worker and Workstation classes currently hold information for the schedule of the maintenance workers. It 
can be expanded to account for various skill sets of each worker as well as location specific maintenance 
capabilities. 
3.4. Process (Server) Class 
There are eight main process classes in the current iteration of VE-OPS. These are the Mission Manager, Mission 
Executor, Mission Assessment, Mission Generator, Vehicle Assessment, Maintenance Manager, Repair Vehicle and 
Repair Parts. The Mission Manager process is responsible for finding vehicles that can execute each mission, and it 
may require matching because the vehicles may not be capable of all mission types. The Mission Executor process 
assigns the delay that corresponds to the mission duration and determines if there is a mission abort because the 
mission length exceeds the remaining useful life of one of the critical parts on the vehicle. 
The Mission Assessment process tracks the mission success, the aborts, and the incomplete missions that could 
not be flown that day if the missions are not allowed to rollover to the next day. This information can be used to 
inform the Mission Generator process which creates the sortie missions for each day.  
The Vehicle Assessment process determines if the vehicle needs to go to repair or into the working vehicles 
queue. Depending on the repair policy, it may assign only some of the broken parts to be replaced to bring the 
vehicle to partial mission capable status. A vehicle may have broken parts that are not critical to some missions as 
well as maintenance events that do not involve parts that are being tracked. 
The Maintenance Manager process coordinates the available resources to repair the fleet of broken aircraft. It 
gathers the necessary parts, workers and workstation to perform the maintenance activity. Then the vehicle is 
repaired in the Repair Vehicle process, which is also responsible for disaggregating the resources. The broken part is 
sent to be repaired, the workers and workstation are returned, and the vehicle is sent back to the vehicle assessment 
process to determine if further repairs are necessary. 
The Repair Parts process is responsible for determining the time it takes to repair the broken part and returning it 
to the general inventory. This process can be extended to include transportation and geographic constraints of repair 
depots, capacity limits at each depot and multi-echelon supply chain. 
3.5. Data Recording and Model Outputs 
A separate set of classes are available to record the output data. There is a process class that records data on a 
user-defined interval. It is a discrete event process that records the current status of the simulation. There are four 
object classes designed to capture specific aspects of the simulation. These are the Vehicle Watch, Part Watch, Store 
Watch, and Other Watch classes. The Vehicle Watch and Part Watch track the vehicles and parts, respectively, in 
the simulation and return their states. The Store Watch tracks the queues of aircraft, parts and missions at different 
steps of the maintenance and logistics process. Other Watch can track any other data as long as it is supplied a 
function that returns a string of characters. 
The outputs of the simulation are recorded as time series data so the transitional behavior of the model can be 
observed. A vehicle can be in one of five statuses; it can be 1) initiated which is the first state when it is instantiated 
into the simulation, 2) flying, 3) non-mission capable, 4) turnaround, and 5) mission capable. The spare parts have 
four states, which are initiated, installed, repairing, and repaired. The inventory levels of the parts are tracked, as 
well as the queue length of the vehicles at different stations. The mission results are recorded as success, aborted or 
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incomplete, and they are categorized by mission type. A successful mission means that it was able to fly the mission 
duration without a critical part failure, otherwise the mission is aborted. An incomplete mission is one that was not 
assigned due to the lack of aircraft which could fly that particular mission. 
3.6. Incorporating Randomness 
Incorporating randomness in a simulation is an important feature in quantifying the uncertainty in the process. 
Most of the values used in the simulation can be defined as a random variable. Some of these variables include 
mission length, part life time, replacement time of failed parts on the vehicle, repair time of parts, and transit times 
between the part repair depot and inventory location. 
3.7. Model Features 
Currently, VE-OPS has several features to perform sensitivity studies and to analyze the impact of different 
strategies. To study the impacts of the constraints imposed by workers and workstations, the model can limit the 
number of hours the workers can work as well as the total number of workers and workstations. Depending on the 
vehicle, it can have different modes of operation or missions it can perform. For example, a multi-role fighter can be 
used for an air-to-air engagement, an air-to-surface mission or an intelligence, surveillance and reconnaissance 
mission as well as training operations. The vehicle can also be in partial mission capable status where it can perform 
some of the mission types but not all. 
The current model can handle a table of parts with different characteristics such as part life, time to replace a part 
on a vehicle, time to repair the broken part, and time to transport the part between the depot and local inventory. The 
amount of parts in the inventory can also be set as an input to simulate a shortage of parts. Some vehicle repairs can 
be performed in parallel while others must be performed in series, and to capture this constraint, the parts can be 
designated into repair groups where each part in the group can be replaced in parallel. Some parts are critical to 
certain missions but not critical to flight, and if these parts fail, the vehicle can still perform other missions and 
complete them. 
Because the simulation is object-oriented, multiple instances of the model can be connected to simulate 
contingency events and to study the transitional behavior. For example, air cargo transport vehicles are important for 
humanitarian aid in places that are difficult to reach, and it is useful to understand how the vehicle sustainment 
requirements change when supporting these missions. The transition between the normal and contingency operation 
can be simulated by creating one model for the normal operation and another for the contingency operation, and the 
two models are connected so that the vehicles and parts can be transferred from one model to the other. To enable 
this analysis, there are two additional process classes that move the vehicles and distribute spare parts between 
inventories. 
3.8. Future Development 
This simulation model environment VE-OPS supports future research in the area of maintenance and logistics. 
One area of interest is to investigate repair policies of partial mission capable (PMC) vehicles. A vehicle that can 
perform multiple types of missions does not necessarily need to be repaired to full mission capable (FMC) status 
depending on the future mission requirements and the fleet-wide capability. It may be more beneficial to the overall 
mission effectiveness if it forgoes the unscheduled maintenance for certain mission specific components until there 
is a more opportunistic time in the future. Another area is to research part allocation schemes between the central 
and forward supply depots. 
There are several additions to VE-OPS that will enhance its analysis capabilities and widen its application areas. 
Some of these include the ability to cannibalize vehicles for parts, an option for three-level maintenance, a 
prognostics health management (PHM) system, and a supply chain network for spares. Another goal is to create 
process classes with different levels of fidelity and complexity so that users can choose and customize features of 
their models. Not all studies need the maximum fidelity in all segments of the simulation. It would be better if the 
model is composed of modular segments, with each having different variants. By making the segments modular, the 
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development can also occur heterogeneously and in parallel, and to support this, standards are necessary to ensure 
compatibility between the components. 
4. Case Study 
To demonstrate how this tool can be used, a sensitivity case study is presented. The case study focuses on the 
impact of extending the supply chain on the mission capable rate of a fleet of F-16. The model simulates the sortie 
generation of a fleet of 16 aircraft, and there are four parts on the vehicle that can break and be replaced. There is 
also a supply chain that replenishes the local inventory from a nearby depot. Most of the values and distributions for 
the process steps were taken from Faas  thesis [42] which looks at the impact of ALS to the overall mission capable 
(MC) rate. The model was calibrated to 80% MC rate by varying the part reliability. 
For this case study, the time to deliver the part from the depot to the local inventory is varied from an average of 
0.3 days to 2.2 days. The delivery time is given a triangular distribution with low and high values set at 0.2 days 
apart from the mean. The baseline value is 0.3 days. The maximum level for the local inventory is set at 7 parts, and 
a new part is requested from the depot every time a part is taken from the local inventory. Fig. 3 shows the impact of 
delivery time to the MC rate, and Fig. 4 shows how the local inventory level of one of the parts varies with 
simulation time and delivery time. The gray lines in Fig. 4 are the maximum and minimum inventory levels per day, 
and the black line shows the average inventory level. 
Inspecting Fig. 3, the MC rate begins to decrease after the delivery time grows beyond 1.0 day, and flattens off at 
a MC rate of 0.7 from 1.4 to 1.9 days. After this point, the MC rate falls rapidly. Looking at Fig. 4, the minimum 
daily inventory level becomes consistently 0 with an average delivery time of 1 day, which explains the first drop. 
There is at least one vehicle waiting for this part to arrive from the depot for any given day. The maximum daily 
inventory level begins to hit 0 with an average delivery time of 2.0 days, which indicates that there are times when 
the delivery from the depot is not enough to overcome the backlog. 
 
 
Fig. 3. Mission Capable Rate versus Average Delivery Time from Depot to Local Inventory 
 
Fig. 4. Time series data of the local inventory level of one of the parts varied by delivery time 
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There could be various explanations within a scenario for the supply chain to extend. For example, some 
emergency event could cause the closest supply depot to become inaccessible or a new supplier could be selected for 
the specific part which happens to be located farther away. There are different ways to overcome situation, such as 
increasing the maximum inventory level at the local warehouse or adopting a different part ordering strategy so that 
more than 7 parts are ordered at a time. If these cannot be changed, the part reliability can be improved so that less 
of these parts are needed in the first place. Of course, there are different costs and benefits associated with each 
decision, and these variables can be traded off based on the needs of the decision maker. 
5. Conclusion 
A simulation model environment called Virtual Environment for Operations and support Process Simulation 
(VE-OPS) is created to support future research in maintenance and logistics system design. It is developed using the 
SimPy package for the Python programming language, which is an object-oriented and open-source scripting 
platform. Class variables for simulation objects and processes are defined to simplify and to reduce the redundant 
efforts when modeling maintenance and logistics processes. The environment allows users to create and share 
models freely without the concern for licensing issues, and its flexibility allows for various aspects of maintenance 
and logistic systems to be studied. 
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